When integrated into microfluidic chips, ion-selective nanoporous polymer and solid-state membranes can be used for on-chip pumping, pH actuation, analyte concentration, molecular separation, reactive mixing, and molecular sensing. They offer numerous functionalities and are hence superior to paper-based devices for point-of-care biochips, with only slightly more investment in fabrication and material costs required. In this review, we first discuss the fundamentals of several nonequilibrium ion current phenomena associated with ion-selective membranes, many of them revealed by studies with fabricated single nanochannels/nanopores. We then focus on how the plethora of phenomena has been applied for transport, separation, concentration, and detection of biomolecules on biochips.
INTRODUCTION
In recent years, the advancement of nanofabrication techniques has allowed the construction of nanostructures that are the workhorses of a new scientific discipline dealing with fluids confined in nanospaces-nanofluidics. They have catalyzed thorough investigations of electrokinetic phenomena in nanofluidic systems on the application of electric fields [alternative or direct current (DC)] and have revealed many unexpected and surprising phenomena. At this nanoscale confinement, surface charges and hydrodynamic slip phenomena at the channel walls often dictate the behavior of the whole system. The most important driving phenomenon is ion selectivity, when the transverse channel dimension is smaller than the Debye length, which can lead to large mobile ion concentration gradients, internal/external ion enrichment, extended polarized layers, surface electroconvection, water splitting, nonlinear ion current circuitry, current rectification, etc.
The concept of ion selectivity emerged long before nanofluidics, but nanofluidic research has greatly advanced our understanding of its effects. More than 70 years ago, ion-selective membranes started to be used in industrial water treatment processes such as electrodialysis and electrodeionization (1) . These membranes are natural nanostructures because they contain nanopores decorated with surface charges. They are, however, much easier to synthesize and integrate into microfluidic systems than artificial nanostructures. In this review, we describe how knowledge garnered from artificial nanofluidic systems has led to new membrane-based microfluidic systems for the pumping, manipulation, preconcentration, and detection of biomolecules. Because they are inexpensive and can be easily integrated or inserted into a microfluidic chip, they are ideal for disposable point-of-care medical diagnostic biochips. They often offer better performance in limit of detection, sensitivity, selectivity, and target number than the cheaper paper-based devices and, unlike paper devices, can process large biomolecules such as chromosomal DNA.
Ion selectivity of such membranes also stipulates that the current is controlled by ion currents and not electron currents in electrodes or charge transfers by electrochemical reactions. As such, the membrane sensors are stable/reproducible and less sensitive to the presence of redox agents in the sample, and they do not require the fabrication of micro-or nanoelectrode sensors. Hence, membrane microfluidic devices are much more robust and inexpensive than electrochemical sensing devices.
CONCEPTS AND PHENOMENA

The Concept of Ion Selectivity
We offer only a cursory exposition of ion selectivity. It is currently an intensely researched topic, and interested readers are referred to several recent reviews (2) (3) (4) (5) (6) (7) . The concept of ion selectivity was formulated in the first half of the twentieth century and was later nicely described in a technical review by K. Sollner (8) in 1950. Sollner summarized the facts known about a material called collodion used to prepare porous membranes. He referred to those membranes as an electronegative membrane with preferential cation permeability, where the charge selectivity comes from acidic impurities present on the pores of the membrane. His technical review was based on a few previous papers by Meyer (9) , Teorell (10, 11) , and Donnan (12) . Both Meyer and Teorell proposed the fixed charge theory of electrochemical membranes while Donnan worked out a theory of membrane equilibria. In the aforementioned review, Sollner (8, p. 141C) states the following:
This statement essentially covers all the conditions that are required to observe ion selectivity. First, we need a fixed charge bound on a solid support and second, the space over the fixed charge has to be restricted to a distance at which the fixed charge has some effect. Although the first requirement is usually fulfilled by the dissociation of surface functional groups [or some other charging mechanism (13)] after soaking in a water solution, the second requirement can be estimated by evaluation of a so-called Debye length characterizing an electrical double layer that forms at the charged interfaces.
Electrical Double Layer
Due to the presence of some inherent functional groups on a solid surface, a fixed charge is established on the surface of the solid plate, rendering the plate either positively or negatively charged. The electrostatic interactions cause the free ions to rearrange by attracting the oppositely charged ions to the plate, creating an electrical double layer. The concentration of those oppositely charged ions (counterions) in this electrical double layer must be equal to the concentration of the fixed charge so that the system still obeys the electroneutrality condition. However, due to thermal fluctuation (diffusion in a continuum theory), the mobile counterions occupy a layer, the electric double layer, of finite thickness. The classical theory for electrical double layer can be found in standard texts (13, 14) . The potential and concentration profiles of co-and counterions in the electrical double layer can be derived from the Poisson-Boltzman equation where a Debye screening length appears as a natural parameter. This Debye length is dependent on the ionic strength of the working buffer solution. Calculating the distance over which an excess of counterions over coions exists in the solution as a function of the electrolyte concentration reveals why nanospaces are necessary to provide ion selectivity. In nanospaces/nanochannels, the electrical double layers overlap, which makes them ion selective; e.g., counterions easily pass through, whereas coions are repelled. The Debye length is not the only factor important for ion selectivity. The concentration of the fixed charge is also an important parameter affecting ion selectivity (15, 16) . Systems with low concentrations of the fixed charge exhibit only weak ion selectivity even though Debye layers overlap. In a recent review (17) , a new quantity, volumic surface charge, was introduced. This quantity relates the surface charge density to the section height of a planar microchannel, which could be thought of as a measure of ion selectivity. In any case, it is clear that the concentration of the mobile ions and hence the ion current conductivity in the nanochannel are controlled by surface charge. As such, the channel ion conductivity is as much as 10 times higher than the bulk conductivity outside the channel, depending on the bulk ionic strength.
ION-EXCHANGE MEMBRANES
Membrane Ion Current Circuits
Ion-exchange membranes are extensively used in many industrial applications, such as deionization or electrodialysis (1) . There are many different types of ion-exchange membranes that can be classified according to their properties (18) . Homogeneous ion exchange membranes (e.g., Nafion membranes) are made of coherent ion exchanger gel, whereas heterogeneous membranes contain ion-exchange particles embedded in an inert binder (Figure 1b) (19) . Most of these membranes use sulfone anion (R-SO 3 − ) for cation-exchange membranes and quaternary ammonium cation [R-N + (CH 3 ) 3 ] for anion-exchange membranes as a fixed charge. Both groups are chemically very stable and capable of functioning properly over a large range of pH values. The charge borne by functional groups in nanochannels (SiO 2 , Al 2 O 3 , COOH), however, can easily be neutralized in acid-base reactions, making the ion selectivity of nanochannels strongly pH dependent (20) (21) (22) . The surface charge densities of ion-exchange membranes (23) and nanochannels (24) are usually on the order of mC/m 2 . The pore size of those membranes prevents transport of molecules having molecular weights greater than 60-100 g/mol (25) , a property that makes the membranes ion selective even for solutions with high ionic strength. For nanopores, however, the right solution with the proper ionic strength is absolutely necessary. Ion selectivity can be easily lost when solutions of high ionic strength are used (26) (27) (28) (29) (30) . However, imparting the ion selectivity to the nanochannel by decreasing the ionic strength can be accompanied by a pH shift (31) .
Although these ion-exchange membranes are mainly used in large-scale industrial processes for water treatment, they have also been integrated in microfluidic systems either to study fundamental electrokinetic processes (32) (33) (34) (35) or to act as functional elements such as pH actuators (36) or biomolecule preconcentrators (37) . One of the most interesting features of ion-exchange membranes is a nonlinear current voltage curve (CVC) (Figure 1a) where two ohmic regions are connected through a limiting region, a behavior that was observed more than 60 years ago (38) .
The origin of this nonlinearity is due to different transport numbers of mobile ionic species in the ion-selective membrane and surrounding electrolyte. At low voltages connected to the system, the electrical current is directly proportional to the voltage, which is referred to as the underlimiting region on the CVC. The ohmic resistance in this linear region can arise from the resistance outside the membrane or across the membrane, depending on the relative magnitude of each. However, with increasing voltage, the conductivity jump across the membrane begins to deplete bulk ions on one side of the membrane (depletion side) and enrich it on the other (Figure 2a) . The depletion layer near the membrane surface soon becomes the current controlling region of the system. At a certain critical voltage, the concentration of ions in the depletion region drops to almost zero, and the current starts to saturate (Figure 2b ). This region on the CVC appears as a limiting region. This behavior was described by the concentration polarization theory (39) . However, experimental data showed that with increasing voltage an inflection occurs on that curve, giving rise to a second linear region called the overlimiting region. This overlimiting region is a mystery and has been attributed to many possible effects: (a) electroconvection, (b) water splitting, (c) the exaltation, (d ) natural convection, or (e) changes in ion selectivity (40) (41) (42) (43) (44) . All these effects can contribute to the overlimiting current depending on the experimental setup. However, electroconvection in the depletion region is considered the main mechanism of the overlimiting current (Figure 2c ), as it was recently captured in real-time fluorescent experiments with both ion-selective nanochannels (28) and membranes (33, 35) . Placing an agar gel in the depletion region is known to suppress the overlimiting current (45) , which is also consistent with the electroconvection mechanism. This electroconvection explained by Rubinstein et al.'s (43) microvortex instability essentially destroys the depletion region by mixing it with the electrolyte bulk. Vortices occurring on the depletion side of the membrane were confirmed using both theoretical analysis (46, 47) of the system and numerical solution of full Navier-Stokes/Poisson-Nernst-Planck models (15, (48) (49) (50) . Similar CVC with three regions associated with underlimiting, limiting, and overlimiting currents have also been reported for a single nanopore (22, 29, 51) . The overlimiting region was caused by Rubinstein's electroconvection instability, which arrested the growth of the depletion region (28). Yossifon & Chang (52) even observed two limiting regions when charged particles were added to the system and created a second ion-selective layer. This gave rise to the second overlimiting region. It was further shown that the pore geometry and the depth of the connecting chamber can have a profound effect on CVC (51). Yossifon et al. (53) showed that changing the width of a nanochannel (from 2.5 mm down to 50 μm) can lead to the loss of the limiting region on the CVC, even though a pair of vortices caused by induced charged electroosmosis was still observed at the entrance to the nanochannel. Such a linear CVC is often reported for small symmetrical nanochannels as well (21, 54) , unless a fixed charge at the entrance to the nanopore has a sign opposite of that inside the nanopore (54) , which leads to saturation of the current. The generation of depletion and enrichment regions around nanopores has frequently been observed and used for preconcentration of large molecules (55) . A quantitative model (56) and full numerical models (57) of a single nanopore connected to microchambers have confirmed concentration polarization and formation of depletion and enrichment regions around the nanopores. Interestingly, no vortices were observed in systems where a nanochannel with developed ion concentration polarization was used for preconcentration. Systems in which a small piece of a Nafion membrane was used instead, however, revealed vortices in the depletion region (37, 58) .
Interestingly, ion-permselective particles (59, 60) were also shown to exhibit depletion and enrichment behavior accompanied by obscure and complex electrokinetic vortices (60) . The origin of these microvortices is different from those predicted by Rubinstein's instability theory, as was summarized in a review by Chang et al. (61) .
Bipolar Membranes
By stacking cation-and anion-exchange membranes, we create a so-called bipolar membrane. Bipolar membranes behave as ion-diodes with a strong rectification effect-the ion current is very different for forward and reverse biases. The forward bias causes the formation of an ionenriched region at the bipolar junction and exhibits a linear CVC ohmic curve (Figure 3a) . With reverse bias, the ions are depleted from the bipolar junction, and the local electric field increases with decreasing ionic strength (Figure 3b) . At a sufficiently high voltage, the electric field at the bipolar junction becomes sufficiently high to split water, and the junction becomes an ionic reactor that continuously generates H + and OH − ions (36, (62) (63) (64) (65) . The resulting water-splitting current produces an overlimiting current that is higher than any other mechanism, including that due to electroconvection by the microvortex instability.
Electroosmotic Flow Across Membranes and Backpressure
There have been very few studies on the importance of electroosmotic (EO) flow to ion flux across ion-selective membranes, but it is generally agreed that it is significant for membranes with larger pores (>10 nm). However, the pumping action of nanoporous membranes, particularly solid-state silica membranes in capillaries, has been well studied in the past decade (66) . EO flow through a nanoporous membrane is fed into an open microfluidic channel. To ensure flow balance, a large backpressure builds up at the membrane/channel interface such that a pressure-driven flow can be driven downstream along with a pressure-driven backflow in the membrane to reduce the EO flow. Such EO pumping is ideal for driving flow in a biochip, as it involves no moving parts and can be driven by miniature power sources. However, it is extremely inefficient and was thought to be insufficient to overcome the large hydrodynamic resistance of microchannels on a chip. Paul et al. (67) first realized that this shortcoming of EO flow can be eliminated if a nanoporous ion-selective membrane is inserted into the microfluidic channel as a pumping section. The inefficiency of EO flow is caused by the electroneutral bulk being driven by an electric body force confined to the nanoscale space charge region within one Debye length λ of the charged surface, where it is balanced by a large hydrodynamic shear. With a nanopore smaller than the Debye length, this unfavorable force budget would be eliminated. However, a nanopore much smaller than the Debye length would then produce excessive hydrodynamic stress, higher than even that within a Debye layer in a larger channel. Hence, an optimum EO pump would have a pore size that is roughly the same as λ of the medium-a weakly ion-selective medium. To ensure continuous flow into a downstream microchannel, a pressure maximum would then develop at the end of the nanoporous EO pump region, such that a backpressure reduces the high EO flow in the nanoporous pump and drives a pure pressure-driven flow in the microchannel. In the past 15 years, such nanoporous EO pumps have been developed by packing nanoparticles, fabricating polymer frits or nanoporous alumina in a chip, and sol-gel chemistry synthesis with an on-chip pressure as high as a few atmospheres for the most mechanically strong pumps (68) (69) (70) (71) (72) . In Figure 4a , we show the scanning electron microscope (SEM) image of a nanoporous silica monolith that has been synthesized by sol-gel chemistry in a silica microcapillary and the large pressure (2 atm) it can sustain at the end of the monolith (Figure 4b) . Such large backpressures can drive flow downstream in open channels or even sustain robust electrosprays at the end of the chip such that the electric field both supplies on-chip EO pumping and generates the electrospray (73) . 
Mixing By Nanoporous Granules
Ion depletion/enrichment across the membrane and vortices in the depleted region that are shown in Figure 2 for a flat membrane or nanoslot can also be seen across a spherical ion-exchange granule ( Figure 5) . However, the mechanism for the vortices is not due to the Rubinstein instability but to a Dukhin mechanism because of a tangential field around the granule (60). These vortices can be used to enhance the assay time of many transport-limited biological reactions (74).
Sensitivity to Surface Molecules and Membrane Biosensors
Both the depletion region responsible for the limiting current and the microvortices responsible for the overlimiting current in Figure 2 are very close to the membrane surface. In fact, the extended polarized region responsible for the microvortex Rubinstein instability is only slightly larger than the Debye length λ, at roughly 100 nm. Hence, the presence of large biomolecules such as DNA can suppress the microvortices and reduce the overlimiting current. This suppression should be even more pronounced if the DNA is of opposite charge from the membrane, such that the depletion and extended space charge regions cannot fully develop. However, at high coverage by an oppositely charged surface molecule, a monolayer may develop, and a bipolar membrane can form. The water-splitting mechanism of Figure 3 would then reverse the trend and significantly enhance the overlimiting current. This inversion in the overlimiting current suppression was indeed found in a recent report by Slouka et al. (33) . As seen in Figure 6 , negatively charged ssDNAs physisorbed onto positively charged anion-exchange membranes produce two different shifts in the overlimiting current-reducing it at low concentrations but enhancing it at high concentrations. Evidence of water splitting was also seen in the latter case by using pHsensitive dye. This experiment immediately suggests the possibility of biosensing, if probes can be functionalized onto the depletion side of the membrane. Such a membrane sensor technology would work at the high voltage overlimiting current region but not at the mV region typical for electrochemical sensing techniques. Moreover, this works because ion currents are involved and hence the sensors are not sensitive to redox agents in the sample. Ion enrichment at one pole of an ion-exchange granule and vortex pair generation at the other pole when an electric field is applied across an ion-selective granule (74) 
Rectification in Nanopores
A phenomenon associated with ion selectivity of nanochannels, which has not been observed for ion-exchange membranes, is rectification observed for nanochannels with a certain type of asymmetry (75, 76) . This asymmetry can be caused by the geometry of the nanopores [e.g., a conical shape (21) or a nanopore connected to asymmetric chambers (77, 78) ], concentration (79) , and pH (80) gradient imposed on the nanochannel or a sudden change in surface charge (24) . These asymmetries cause the ion selectivity to vary along the nanochannel in two ways: either (a) from strong to weak ion selectivity to the same type of ions (nanochannels with an asymmetry in geometry or with a concentration gradient) or (b) two regions of the nanochannel have ion selectivity to cations and anions (nanochannels with a pH gradient or with a change in polarity of the surface charge), respectively.
In conical nanopores, the diameter of the pore increases, thus rendering the tip ion selective, whereas the larger opening does not possess that strong ion selectivity (81 rectification in these channels is not yet fully understood (21) , but formation of enrichment and depletion regions in the body of the conical nanopore can explain this behavior. The formation of enrichment and depletion regions in the conical nanopore was confirmed by simulations (82) as well as experiments with a fluorescent dye (83) . However, the effect of a the surface charge concentration relative to the bulk ionic strength can be very important for conical nanopores (16) and can lead to a curious rectification inversion phenomenon across a critical concentration. Bipolar nanopores with a change in the surface charge (positive and negative) present a group of nanopores similar to bipolar membranes (84, 85) . These systems reach the highest rectification factor, and the explanation of this behavior is straightforward. Although a high conductivity region develops in the nanochannel for a forward bias, a low conductivity region is responsible for low currents in the reverse bias connection (86, 87) . Interestingly, Cheng & Guo (24) observed a breakdown of the bipolar nanofluidic diode, which was attributed to a water-splitting reaction occurring at the interface between negatively charged silica and positively charged alumina. The rectification curve was also observed for biological nanopores with imposed pH gradient (80) or engineered nanopores that possess spatially separate regions of opposite charge (88) . Cheng & Guo (79) studied the effect of a concentration gradient imposed on homogeneous silica nanochannels. The concentration gradient causes the nanochannel to have different Debye lengths at both ends, which is then responsible for rectification. Although for the forward bias the depletion develops at the low concentration side of the nanochannel and the nanochannel loses its ion selectivity, the reverse bias depletes the ions on the high concentration side of the nanochannel, which enhances the ion selectivity of the nanochannel. These effects result in the formation of high conductive and low conductive solutions in the nanochannel. It is possible that such rectification mechanisms of nanochannels can produce new membrane biosensors, if they are transferred to membranes; the asymmetric charge distribution is the most promising one. They could also be used to improve single pore stochastic sensing (89-92).
APPLICATIONS
We review several microfluidic technologies that have been developed based on the phenomena described in the previous sections, culminating in an integrated chip that combines several such technologies. These components pump the sample through the chip (see Figure 4) , concentrate analytes at certain sensors, mix the reactants, and detect specific molecular targets. Because they are all based on ion currents, it is unnecessary to have microelectrodes within the chip. All electrical connections can be inserted through easily fabricated salt bridges through orifices that also allow fluid exchange.
Analyte Concentration
The ion depletion at the limiting current region can span across the entire microchannel and be used to prevent convection of charged molecules into the depletion zone, thus trapping them at the upstream edge of the depleted region. Han's group has fabricated nanochannels and protonhopping Nafion membranes to allow effective concentration of analytes (55, 93, 94) . Ion-selective membranes allow easier fabrication of such on-chip analyte concentration modules. As shown in Figure 7a , a cation-exchange membrane UV-polymerized in a microslot bridging two microfluidic channels can induce deionization under voltage biases. The ion-depletion region functioning as an energy barrier traps the molecule passing across it in an electroosmotic flow tangential to the membrane on the side. The UV-curable ion-selective membrane offers superior concentration efficiency and processability to that of prior works using microfabricated nanochannels or Nafion resins. Unlike the 100-nm-thick nanochannels and surface-patterned Nafion thin films, the proposed membrane slot has the same depth as the microfluidic channel, yielding a large junction area. The large cross-sectional area provides greater ion current and better control of ion depletion in the microchannels. Therefore, preconcentration can be achieved in a few seconds. The fluorescence image in Figure 7b shows the concentration of labeled molecules by two to three orders of magnitude in 10 s from a solution being pumped by electroosmosis from the left to right in the top microfluidic channel, after 10 V is applied across the membrane. Moreover, the UV-curable ion-selective membrane adheres well to glass surfaces functionalized with acrylateterminated silane, whereas Nafion has poor adhesion to most solid surfaces and the process is more operator dependent. 
Integrated Membrane Point-of-Care Diagnostic Unit
Ion concentration polarization on ion-exchange membranes can be employed for separation, concentration, and detection of biomolecules similarly to ion-selective channels. One of the main challenges that researchers often encounter is device fabrication with ion-exchange membranes. These membranes are generally incompatible with the materials traditionally used for fabrication of microfluidic systems. One of the major reasons is the swelling of the membranes when exposed to water solutions. The increase in volume after swelling of the membranes is approximately 50%, and the swelling forces are enormous (like charge repulsion of the fixed functional groups). However, the proper functioning of these membranes requires tight sealing within a microfluidic system so that no current can bypass the membrane. We solved this challenge by using molding resins that allow the tight embedding of these membranes in some functional elements that can be later integrated on a microfluidic chip. Because ion-exchange membranes develop depletion and enrichment regions when a DC electrical field is applied, we used these effects and a novel nucleic acid sensing mechanism to construct an integrated point-of-care diagnostic platform that integrates three functionally independent units, as illustrated in Figure 8a . The chips are fabricated through thermal bonding of polycarbonate sheets that have been cut to form internal microchannels and orifices for the insertion of the electrode salt bridges, flow tubing, and sample filters. This three-dimensional architecture with vertical integration allows precise control of all the membrane ion circuits on the chip by an external electronic instrumentation, with the ion currents as sensing variables as well as control variables.
The first unit is a pretreatment unit that allows extraction of negatively charged biomolecules (DNA and RNA mainly) from cell lysates through a thin layer of agar gel (Figure 9a) , whose working principle is similar to gel electrophoresis. The negatively charged nucleic acid molecules accumulate on the enrichment side of a cation-exchange membrane, which prevents the negatively charged molecules to leave the main channel by both electrostatic repulsion and the sieving effect. When those negatively charged molecules are loaded into the main channel, another unit called the preconcentration unit collects and concentrates all the loaded molecules at a specific location in the main channel (Figure 9b) . The preconcentration unit consists of two cation-exchange membranes. One membrane creates a depletion region within the main channel that functions as an ionic filter and the other is just an auxiliary membrane that allows us to connect the electrical field to a specific part of the main channel. The position of the preconcentration slug can be controlled by counterbalancing the convective flow and depletion driven by the voltage applied on the system. This feature which decouples the control of the flow rate and the extension of depletion makes our platform unique. By positioning the preconcentration slug right at a detection unit, we can achieve very fast detection of target nucleic acids. The detection unit is based on a charge inversion phenomenon that occurs when negatively charged nucleic acid molecules adsorb on a positively charged anion-exchange membrane. The charge inversion brings about two main effects: (a) It suppresses vortices on the membrane and (b) it enhances a water-splitting reaction at an interface between the positive membrane and negatively charged molecules that behaves as a bipolar junction. In turn, this behavior is reflected in the CVC, where the limiting region prolongs, and the overlimiting region shifts toward higher voltages. This shift in the overlimiting region of the CVC indicates the presence of negatively charged molecules on a membrane surface. When such a membrane is first functionalized with a target-specific short oligoprobe, it makes the sensor specific to that target pathogen. Any shift in the CVC will indicate the successful capture of target nucleic acid by increasing the net negative charge on the membrane surface with a hybridization event. An example of a nucleic acid detection signal is plotted in Figure 8c , which shows pM to μM dynamic range detection of DNA molecules on a 1-mm 2 sensing area. The simple fabrication and low cost make this detection platform very useful in point-of-care diagnostics.
Membrane Molecular Separation Techniques
We have also developed a pH actuation unit based on the water-splitting reaction occurring in the bipolar junction by a pair of ion exchange membranes when reverse bias is connected to the system (36) . By using two bipolar junctions integrated into a single microchannel, we created a system where the production of H + and OH − ions is controlled independently by applying different voltages on the junction. Mixing these two ions generated at the bipolar junctions downstream of the main channel creates either a gradient in pH across the channel or a solution of a given pH (Figure 10a ). This technology thus provides an easy pH tuning tool in a microfluidic channel that can be employed, e.g., for isoelectric focusing separation of proteins (Figure 10b ).
CONCLUSION
Ion-selective membranes offer several unique functionalities for microfluidic systems that cannot be easily introduced by mechanical, electrochemical, and other techniques in microfluidics. They allow on-chip pumping, mixing, pH actuation, analyte concentration/separation, and target sensing-just about all the functionalities one needs for point-of-care diagnostics or even mass spectrometry interfaces. Moreover, they can be integrated into biochips with minimal effort, thus allowing disposable biochips, and can be easily controlled with a supervising electronic instrument detached from the disposable biochips. The biochips also lend themselves to easy rapid prototyping so that different designs can be optimized and tested. We see membrane microfluidics as a promising direction for field-used portable diagnostic devices.
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